Abstract: A simple and facile approach to fabricate PVP fibers by wheel-spinning technique was investigated. Poly(vinyl pyrrolidone) sol (PVP, M w =1,300,000, 6-14 w% in ethanol) was used as the candidate polymeric material. It was demonstrated by a rotating wheel with the speeds of 18.84, 15.70 and 12.56 m/s, respectively, PVP fibers can be drawn with diameters ranging from under 200 to over 2 µm and controlled by changing the rotating speed and sol concentration. The morphologies of the wheel-spinning fibers were observed by electronic scanning microscopy (SEM). The nanofibers obtained by this technique are long, straight and smooth, and the fabricated apparatus is simple.
Introduction
Recently, organic/inorganic composite one-dimensional nanostructures (e.g., nanotubes and nanowires of metal, semiconductor, and metal oxides [1] [2] [3] ) were synthesized via many methods such as template-directed method, [4, 5] vapor-phase approach, [6] vapor-liquid-solid (VLS) growth, [7] solution-liquid-solid (SLS) technique, [8] solvothermal synthesis, [9] solution-phase growth based on capping reagents, [10] self-assembly, [11] and size reduction [12] [13] [14] . These nanomaterials, produced mostly by synthetic bottom-up methods, are discontinuous objects, and lead to difficulties with their alignment, assembly, and processing into applications. There is a considerable interest in the development of advanced continuous fibers with nanoscale diameters. These fibers with smaller pores and higher surface area have enormous applications such as scaffolds for tissue engineering or as drugdelivery systems [15, 16] , sensor, laser and switchable textiles [17] [18] [19] [20] , wearable electronics [21] [22] [23] and wound healing [24, 25] . However, conventional mechanical fiber spinning techniques cannot produce fibers with diameters smaller than about 2 μm. Most commercial fibers are several times in the diameter, owing to the trade-offs between the technological and economic factors [26] .
So far, different types of polymers have been fabricated for nanofibers by a number of techniques such as drawing, template synthesis, phase separation, self-assembly, and electrospinning [27] [28] [29] . Among those polymers, poly(vinyl pyrrolidone) (PVP), (C 6 H 9 NO) n , is an important synthetic polymer that was first reported in a patent almost 60 years ago with a good complexation and adhesion properties, excellent physiological compatibility, low chemical toxicity, and reasonable solubility in water and most organic solvents. Using electrospinning to fabricate PVP fibers was first reported by Bognitzki et al. [30] in 2001 and they obtained polylactide (PLA)/PVP blend fibers. However, as far as we know, there is no report on the fabrication of PVP nanofibers by wheel-spinning technique up to now.
It is well known that the morphology and size of spinning nanofibers are strongly dependent on solution properties such as viscosity and surface tension [31] . It was reported that solvent systems and winding rates alter mechanical and morphological properties of the fibers. Despite considerable recent progress on process modification and control, serious challenges remain. Improved models of the process are needed to achieve better understanding of the mechanisms of the jet action. In particular, thermal and mass transport within the jet is in conjunction with the solvent evaporation, which are crucial for the solidification and the formation of nanofiber. The evaporation from the thin jets in wheel-spinning is believed to be rapid. Yet, it is expected to lead to inhomogeneous transient concentration and temperature profiles that will substantially affect the local rheological and other properties of the fluid. The present study was focused on the investigation of PVP fibers by the wheel-spinning technique.
Results and discussion
Drawing a fiber requires a material with a pronounced viscoelastic behavior to undergo strong deformations, while being cohesive enough to support the stresses developed during the pulling. Furthermore, the pulling process is always accompanied by a solidification that transforms the spinning material into a solid fiber. These complex processes make the final section of the fiber very dependent on the drawing speed, the cooling or evaporation rate and on the precise composition of the material. So far, the standard drawing processes have never produced a fiber with a size below 200 nm because no material has been found to give thinner fibers. For example, it is easy to pull fibers out of liquid glue just before its solidification, but it is hard to obtain fibers with a diameter below one micrometer. The evaporation modifies the properties of the source material allowing select the optimal viscosity to draw the fiber. The ratios of viscosity and surface tension for the immiscible polymers are main factors [14] .
Effect of spinning concentration on the morphology of PVP nanofibers
It is known that the solution concentration is a very important factor for determining a nanofiber diameter due to the different viscosity and the surface tension. Higher concentrations result in the formation of fibers with larger diameters. SEM images of the wheel-spun nanofibers produced by 4, 6, 8, 10, 12, 14 w% PVP/ethanol sol are shown in Figure 1a -f. The nanofibers from 8 wt % of PVP solution are smooth with the diameter distribution ranging from 400 to 620 nm as shown in Figure 1(c) . The narrow diameter distribution ranging is from 450 to 600 nm for 10 wt % PVP solution as shown in Figure 1(d) , while a diameter distribution ranging from 430 to 670 nm for 12 wt % solution is observed as shown in Figure 1(e) . The diameter and distributions of PVP nanofibers widen from 850 to 1200 nm for 14 wt % PVP solution (Figure 1f) . However, the diameter distribution of the wheel spinning fibers becomes larger and larger when the concentration increases over 14 wt % under an identical rolling speed and the collecting distance as shown in Figure 1(c-f) . The thinner diameter and the narrower diameter distribution for 10 wt % PVP solution are attributed to the low viscosity of the PVP solution. The solution properties such as the viscosity, and the surface tension are shown in (Table 1) when the PVP concentration is below 4 wt %. The wheel-spinning was prohibitive at 25 wt %, because the viscosity is too high.
Effect of spun speed on the morphology of PVP nanofibers
The drawn speed at the outlet of die also could affect sizes of formed nanofibers since it affects the deformation and elongation of fibers. To investigate this effect, the solution with 8 w% was wheel-spun on different speeds. The average diameters and distributions of PVP nanofibers prepared by the various rolling speeds (12.56/15.70 /18.84 m/s) are shown in Figure 3(a-c) . The rolling speeds are 12.56, 15.70, 18.84 m/s, respectively. The diameters of nanofibers are about several micrometers. The thinnest fiber with a diameter of 185 nm was observed from Figure 3d at the highest drawn speed.
It can be seen that when the drawn speed was 12.56 m/s (800 rpm), the PVP nanofibers had the broadest diameter distributions ranging from 300 to 3500 nm, as well as the largest number average diameter of 2000 nm shown in Figure 4 (a). The diameter distributions narrowed to a range of 200-3000 nm and the average diameter was reduced to 1300 nm during the drawn speed was 15.70 m/s (1000 rpm) shown in Figure 4 (b). As the drawn speed reached to 18.84 m/s (1200 rpm), the continuous and uniform PVP nanofibers were obtained with an average diameter of 520 nm, illustrated in Figure 7 (c). The reduction of the diameter of the fibers was attributed to the draw ratio increase, which caused the molecular chain orientation to change. With a soft, flexible structure, the molecular chains were able to straighten out more easily along the fiber axis. The main advantages of producing the PVP fibers by this technique are the minimum polymer degradation during the spinning process and the better molecular chain orientation, which ultimately result in the development of the high tenacity fibers. 
Conclusions
In the present study, polyvinylpyrrolidone (PVP, Mw =1,300,000) with different concentration of the solution, including 4, 6, 8, 10, 12, 14 w% PVP/ ethanol sol was adopted as the candidate polymeric material for molecularly wheel spinning nanofibers. The effects of the various rotating speeds (12.56/15.70 /18.84 m/s) on the morphology and diameter of electro-spinning PVP nanofibers were investigated. The result shows that the average diameters and distributions of the PVP fibers are influenced greatly by two mean factors of rotating speed and PVP concentration. PVP fibers with a diameter below 200nm were spun by this technique.
Experimental part

Materials
Poly(vinyl pyrrolidone) (PVP, M w = 1,300,000; Adrich Chemical Company, St. Louis, MO), ethanol (Beijing Chemicals Co., China; AR). All other chemicals were of reagent grade and were used without further purification. The PVP chemical structure is shown in Figure 5 . 
Instrumentation and preparation of PVP nanofibers
The apparatus for wheel-spinning is shown in Figure 6 . The size of leafs of the fan was approximately 15cm 2.5 cm. A spinning nozzle (plastic pipette) with a length of 8 cm, a diameter of 0.9 cm and a tip diameter of 0.5 mm was fixed on the top of the fan (A). The wheel spinning nanofibers with diameters ranging from 200 nanometers to microns were made. The polymer PVP solutions of 6-14 w% were added slowly into each spinning tube. The dropping speed was approximately 10 g/min. Three different rotating speeds (800/1000/ 1200 r/min) were investigated. When the wheel rotated in a certain velocity, the solution drops would be thrown off from the plastic pipettes in the same speed. The wheel B had a diameter of 20 cm and a rotating speed of 120 r/min. Two wheels A and B were face to face with a distance of 20 cm. The fabricated nanofibers were blown to wheel B by the strong air stream which produced by wheel A, shown in Figure 6 (part B).
Measurements
The surface morphology of the wheel-spinning fibers was observed on a JEOL JSM-5300 scanning electronic microscope (SEM). Samples for SEM were dried under vacuum, mounted on metal stubs, and sputter-coated with gold-palladium for 30 to 60 s. The average diameters and size distribution of the nanofibers were analyzed with the Image-Pro Plus software (Media Cybernetics, Inc.). The surface tension of polymer solutions was determined with a digital automatic tension meter (ZHY-200, China), and the viscosity of polymer solutions was determined by a rotation viscometer (NDJ-7, China) at 25 °C. The infrared (IR) spectra were recorded on a Nicolet Nexus 670 FTIR spectrometer using the KBr pellet method in the range of 400 -4000 cm -1 , shown in Figure 7 .
The IR spectrum of the PVP xerogel fibers showed a strong adsorption around 3433.8 cm -1 , which was assigned to the hydroxyls from water. The adsorption peak at 2950 cm -1 corresponded to the stretching vibration of C-H in PVP fibers. The peak at 1287.3 cm -1 was the characteristic absorption of C-N stretching in N-vinylpyrrolidone ring. The peak at 1422.1 cm -1 corresponded to the stretching vibration of C-H in xerogel fibers. 1658.5 cm -1 band was considered to be the C=O monomer stretching vibrations. C=O groups of PVP can be considered to be the hydrogen bonding site for hydration water molecules, judging from the molecular structure of PVP [26] , which can explain the reason of the adsorption of hydroxyls from water around 3433.8 cm 
